High-dimensional flow cytometry is proving to be valuable for the study of subtle changes in tumor-associated immune cells. As flow panels become more complex, detection of minor immune cell populations by traditional gating using biaxial plots, or identification of populations that display small changes in multiple markers, may be overlooked. Visualization of t-distributed stochastic neighbor embedding (viSNE) is an unsupervised analytical tool designed to aid the analysis of high-dimensional cytometry data. In this study we use viSNE to analyze the simultaneous binding of 15 fluorophore-conjugated Abs and one cell viability probe to immune cells isolated from syngeneic mouse MB49 bladder tumors, spleens, and tumor-draining lymph nodes to identify patterns of antitumor immune responses. viSNE maps identified populations in multidimensional space of known immune cells, including T cells, B cells, eosinophils, neutrophils, dendritic cells, and NK cells. Based on the expression of CD86 and programmed cell death protein 1, CD8 + T cells were divided into distinct populations. Additionally, both CD8 + T cells and CD8 + dendritic cells were identified in the tumor microenvironment. Apparent differences between splenic and tumor polymorphonuclear cells/granulocytic myeloidderived suppressor cells are due to the loss of CD44 upon enzymatic digestion of tumors. In conclusion, viSNE is a valuable tool for high-dimensional analysis of immune cells in tumor-bearing mice, which eliminates gating biases and identifies immune cell subsets that may be missed by traditional gating. The Journal of Immunology, 2017, 198: 4539-4546. T he altered expression of many markers on immune cells in mouse tumor models has created a need for new methods to analyze high-dimensional data. New computational techniques that use dimension reduction to aid in the analysis of high-dimensional cytometry data have been developed recently (reviewed in Refs. 1-3). One such dimension-reduction algorithm is referred to as visualization of t-distributed stochastic neighbor embedding (viSNE) (4) or t-distributed stochastic neighbor embedding (tSNE) (5). viSNE data can be visualized by overlaying heat maps or density plots to generate a third dimension of data representation (4). Each point on the viSNE map represents an individual cell that has been separated into spatially resolved populations based on the totality of markers that they express. However, proximity in two dimensions between distinct populations is not an indicator of similarity, because two-dimensional viSNE maps are derived from high-dimensional data (4). Although mainly used as a tool for the analysis of complex mass cytometry data (6-10), tSNE or viSNE (11, 12) can be useful for interpreting high-dimensional traditional flow cytometry data. In this study we use viSNE to analyze the simultaneous binding of 16 fluorophores (15 surface markers and a live/dead indicator) to immune cells isolated from murine bladder cancers or melanomas as well as tumor-draining lymph nodes (dLN) and spleens.
T he altered expression of many markers on immune cells in mouse tumor models has created a need for new methods to analyze high-dimensional data. New computational techniques that use dimension reduction to aid in the analysis of high-dimensional cytometry data have been developed recently (reviewed in Refs. [1] [2] [3] . One such dimension-reduction algorithm is referred to as visualization of t-distributed stochastic neighbor embedding (viSNE) (4) or t-distributed stochastic neighbor embedding (tSNE) (5) . viSNE data can be visualized by overlaying heat maps or density plots to generate a third dimension of data representation (4) . Each point on the viSNE map represents an individual cell that has been separated into spatially resolved populations based on the totality of markers that they express. However, proximity in two dimensions between distinct populations is not an indicator of similarity, because two-dimensional viSNE maps are derived from high-dimensional data (4) . Although mainly used as a tool for the analysis of complex mass cytometry data (6-10), tSNE or viSNE (11, 12) can be useful for interpreting high-dimensional traditional flow cytometry data. In this study we use viSNE to analyze the simultaneous binding of 16 fluorophores (15 surface markers and a live/dead indicator) to immune cells isolated from murine bladder cancers or melanomas as well as tumor-draining lymph nodes (dLN) and spleens.
Bladder cancer impacts predominantly older men and is the fifth most common cancer in the United States, representing almost 5% of all new cancer cases each year (13) . The MB49 cell line is a useful in vivo murine model of bladder cancer that has several similarities to human disease (14) . MB49 tumors in mice are sensitive to treatment with the antituberculosis vaccine bacillus Calmette-Guérin (15, 16) , an immunotherapy for treatment of early-stage bladder cancer that is thought to activate the immune system to slow tumor growth. To evaluate different aspects of disease, MB49 cells can be administered to mice via various routes, including transurethral, s.c. or i.v., leading to development of tumors and spontaneous lung metastasis within 3 wk (14, (16) (17) (18) .
In the current study, C57BL/6 mice were injected s.c. with syngeneic MB49 cells. Following tumor growth for 21 d, immune cells in solid tumors, spleens, and tumor dLN were evaluated by flow cytometry. The generation of two-dimensional viSNE plots with heat maps aided the identification of populations in known immune cell subsets. viSNE maps separated immune cells into distinct populations that consist of the expected primary immune cell populations and varied in frequency among tissues. viSNE readily identified immune cell subsets that were frequent (i.e., granulocytes) or infrequent in tumors (i.e., B cells). Applying viSNE to subsets of immune cells did not impact the ability of the algorithm to identify rare populations, including CD8 + dendritic cells (DCs).
Materials and Methods

Mice
Female wild type (C57BL/6J) mice were obtained from the Jackson Laboratory. Animals were used at 6-8 wk of age for individual experiments. All experiments involving mice were performed according to the La Jolla Institute guidelines for laboratory animals and were approved by the Institutional Animal Care and Use Committee.
Cell lines and tumor growth
Dr. D. Theodorescu of the University of Colorado kindly provided us with the mouse urothelial carcinoma cell line MB49 originally produced by Dr. T. Ratliff of Purdue University. MB49 cells were confirmed to be of mouse origin and tested negative for evidence of cross-species contamination and pathogen contamination by IDEXX BioResearch (Columbia, MO). B16F10 melanoma cells obtained from the American Type Culture Collection were confirmed to be pure by IDEXX BioResearch. MB49 and B16F10 cells were cultured in R5F (RPMI 1640 medium containing 10% heat-inactivated FBS, 50 U/ml penicillin, 50 mg/ml streptomycin). Upon reaching 60-80% confluence, 100,000 cells were injected s.c. into the right flank. Tumor volumes were measured using digital calipers, and calculated as height 3 width 2 /2, at least two times a week. On day 21 post inoculation, mice were euthanized, and tumors and organs were harvested using an aseptic technique. The average MB49 tumor volume was 212 mm 3 and the average B16F10 tumor volume was 391 mm 3 .
Flow cytometry
Spleens and right inguinal tumor dLN were disaggregated without enzyme exposure by being pressed through a 70 mm filter. RBCs were lysed in RBC Lysis Buffer according to the manufacturer's protocol (BioLegend). Tumor samples were homogenized using the Miltenyi mouse tumor dissociation kit according to the manufacturer's guidelines. In some cases, spleen cells were incubated with tumor dissociation buffer to evaluate the effects of proteolytic enzymes on marker expression. Cells were resuspended in PBS + 0.5% FBS and counted using a Countess cell counter (Thermo Fisher Scientific). Normalized numbers of cells were stained for 30 min at 4˚C using LIVE/DEAD blue fixable dead cell stain (Thermo Fisher Scientific), and a 1:100 dilution of a full panel (Table I ) or a subset (Table II) of Abs. Samples were acquired on a BD LSR Fortessa flow cytometer.
Analysis of flow cytometry data
Flow cytometry data were analyzed using Cytobank software (Cytobank, Santa Clara, CA). viSNE was run using default Cytobank parameters (iterations = 1000, perplexity = 30, u = 0.5). A range of 600 to .100,000 live cells was acquired. Samples were randomly downsampled to 500-6000 events per sample and analysis was run on equal numbers of events per sample. The range in events was determined by the sample with the fewest events acquired. In each figure, all samples were derived from the same viSNE run. For consistency, corresponding supplemental figures analyzed a similar number of events per sample. Individual flow cytometry standard files from each viSNE run were combined into a single flow cytometry standard file to assist in defining spatially distinct populations using the concatenation tool. viSNE heat maps show fluorescent intensity of each marker for each event. Scales on the heat maps are individually generated for each surface marker from low to high expression. Two samples from the dLN of mice with MB49 tumors were excluded from analysis due to low viability and cell counts. All dLN samples were excluded from Fig + cells acquired from this site. Fig. 2 heat maps show the average median fluorescent intensity (MFI) for each population isolated from each tissue and were generated using the conditional formatting tool in Microsoft Excel.
Statistics
The p values were derived by two-way ANOVA with multiple comparisons and Tukey post hoc tests or paired Student t test using GraphPad Prism v6.0 software. Differences are considered statistically different when p # 0.01. 
Results viSNE identifies distinct immune cell populations
Mice were euthanized 21 days after s.c. inoculation with 10 5 syngeneic MB49 bladder cancer cells, and cells derived from tumors, spleens, and dLN were isolated. Single-cell suspensions from each organ were stained with a mixture of 6 or 16 fluorophores (Tables I, II) and samples were acquired on a BD LSR Fortessa flow cytometer. Using Cytobank software, cells were gated on live CD45 + singlets then the viSNE algorithm analyzed 6000 events per sample. viSNE plots are shown in two dimensions with axes identified by tSNE-1 and tSNE-2 and each dot representing a single cell positioned in the multidimensional space (Fig. 1A) . Individual flow cytometry standard files were concatenated into single flow cytometry standard files (Supplemental Fig. 1 ) from which 12 spatially distinct populations were identified (Fig. 1B) . Similar spatially distinct immune cell populations were generated in response to B16F10 melanoma (Supplemental Fig. 2) .
To help identify cell populations, traditional biaxial gating strategies based on 1-3 surface markers were used: CD4 1C ) and comparing them to viSNE heat maps (Fig. 1D) showed similarities between heat map intensities and surface markers used to define immune cell populations. Overlaid populations on viSNE maps show expected populations in a tissue-dependent manner. The spleens and dLN were composed primarily of B cells and T cells, with the spleen also containing granulocytes, CD11b + myeloid cells, and NK cells (Fig. 1C ) (19) . In contrast to the spleen and lymph nodes, immune cells in the tumor microenvironment consisted primarily of CD11b + myeloid cells with smaller proportions of T and B cells (Fig. 1C) .
Biaxial gating failed to identify some CD45 + cells in viSNE plots, leaving a population that is ungated (shown in blue in Fig. 1C ). The presence of unidentified cells confirms previous reports that traditional gating strategies do not account for all immune cells (4) . Additionally, some traditionally gated immune cells, including CD11b + cells (red), CD8 + T cells (pink), and PMN/gMDSC (brown), occupy multiple spatially distinct populations in the viSNE plot (Fig. 1C) . To account for unidentified cells and immune cells that are found in multiple populations, further analysis was undertaken on viSNE-defined populations identified in Fig. 1B .
Using MFI and tissue distribution to identify viSNE-defined populations
Gating on each viSNE-defined population, relative proportions ( Fig. 2A) and MFI (Fig. 2B ) of each population isolated from the spleen, dLN, and tumors were calculated. MHC class II (MHC II) is expressed on APCs, including B cells, macrophages, and DCs (20) , that present Ag peptides to CD4 + T cells. The primary cells that express MHC II are populations 6 and 8, with the highest expression on cells isolated from the dLN (Fig. 2B) . Due to their expression of MHC II, populations 6 and 8 most likely consist of APCs. Similar to MHC II, CD86 is highly expressed by APCs and provides costimulation required for naive T cell activation. Population 6 expresses CD86, predominantly in the dLN and tumors, whereas population 8 does not express CD86 (Fig. 2B) . Because of the high proportion of population 8 in the spleen and dLN ( Fig. 2A) and their high expression of MHC II but not CD86 (Fig. 2B) , this population consists of B cells (Fig. 2C) . Based on surface marker expression, viSNE readily distinguished B cells despite the absence of a selective marker. In addition to the expression of MHC II and CD86, population 6 expresses high levels of CD11b and CD11c (Fig. 2B) , which identifies this population as DCs (Fig. 2C) (21, 22) . However, not all cells in population 6 express CD11c or are defined as DCs using biaxial gating strategies (Fig. 1C) ; therefore, some cells in this population may be macrophages that are not resolved into a distinct population. To suppress functional T cell responses, some DCs respond by expressing programmed cell death protein 1 (PD-1) (23, 24) . As expected, PD-1 was observed on the surface of DCs isolated from the tumor dLN (Fig. 2B) , although expression was not as high as in population 5. Significant expression of MHC II, CD86 and PD-1 by DCs in the dLN is consistent with high levels of Ag presentation to T cells at this site.
PD-1 is an inhibitory receptor that is upregulated on T cells activated through their TCR and costimulatory molecules, and functions to reduce T cell proliferation and inflammatory cytokine production. Based on expression of TCRb, CD4, and CD8, population 12 defines CD4 + T cells and populations 4 and 5 define CD8 + T cells (Fig. 2B, 2C ). In cancer, Ag-specific CD8 + T cells have been shown to express high levels of PD-1, which results in functionally impaired or "exhausted" CD8 + T cells (25) . Additionally, expression of CD86 on T cells can be induced in response to IL-2 (26) produced during inflammation. Due to significant expression of PD-1 and CD86 on population 5 (Fig. 2B) , these cells are classified as exhausted CD8 + T cells (Fig. 2C) . As expected, exhausted CD8 + T cells are predominantly found in tumors ( Fig. 2A) . In contrast to population 5, population 4 does not express PD-1 or high levels of CD86 (Fig. 2B) , enabling the generation of a spatially distinct population of nonexhausted CD8 + 
T cells. Compared to CD8
+ T cells, CD4 + T cells were not found to express CD86 (Fig. 2B) , but tumor-associated CD4 + T cells do express some PD-1 (Fig. 2B) .
Differentiating between granulocytes
Several distinct populations of side scatter (SSC) high granulocytes were identified in Fig. 1, including populations 1, 2 , and 11. Examples of granulocytes include neutrophils, eosinophils, basophils, and gMDSC. Population 2 exhibited a greater SSC profile compared with populations 1 and 11 (Fig. 1D) , which readily identifies this population as eosinophils. Population 2 also expresses CD11b and CD44 (Fig. 2B) . SSC hi
CD11b
+ eosinophils were also found in B16F10 melanomas (Supplemental Fig. 2C ), as previously described (27) . Tumor eosinophils are known to promote recruitment of tumor-specific CD8 + T cells through the production of chemokines (28) . However, the influence of eosinophils on clinical prognosis is tumor specific, with improved prognosis in bladder cancer and poor prognosis in melanoma (reviewed in Ref. 29) .
Compared to eosinophils, populations 1 and 11 have a lower SSC profile and express CD11b, Ly6G, and Ly6C (Fig. 2B ). These surface markers identify both PMN and gMDSC (30) (31) (32) (33) (34) (35) (36) . In some reports, PMN and gMDSC cannot be resolved and are referred to as PMN-MDSC. The greatest difference between populations 1 and 11 in mice harboring MB49 tumors is the expression of CD44, which is high on population 11 but low on population 1 (Fig. 2B) . Similarly, Ly6C + Ly6G + cells isolated from melanomas expressed less CD44 than cells derived from the spleen (Supplemental Fig.  3 ). CD44 is a cell-surface glycoprotein involved in cell to cell interactions such as cell adhesion and migration. CD44 has been shown to be highly expressed on the surface of PMN (37) and is shed upon cell activation (38) . To further characterize PMN/ gMDSC populations, a separate viSNE analysis was run on sorted spleen and tumor CD45 + Ly6C + Ly6G + cells. As shown in Fig.  2 , the main difference between these populations is their expression of CD44. CD44
hi cells are primarily found in the spleen, whereas the CD44 lo cells are predominantly found in tumors (Fig.  3) . Variations in CD44 expression between the spleen and tumor is independent of whether Ly6C + Ly6G + cells were isolated from the spleens of healthy or tumor-bearing mice (Supplemental Fig. 4 ). Of note, most Ly6C + Ly6G + cells isolated from tumors express more CD11b than cells isolated from the spleen (Fig. 3B) . CD11b (Mac-1) is an integrin whose expression on myeloid cells, including DCs (39) and PMN (40) , is upregulated in response to cell simulation. Differential expression of CD11b suggests these populations may undergo location-dependent activation. However, no phenotypic difference was observed between CD44 + and CD44 lo Ly6C + Ly6G + cells isolated from the spleen or tumors (data not shown).
One significant difference between Ly6C + Ly6G + cells purified from the spleen and tumors is the procedure used for their isolation. Isolation of tumor-infiltrating leukocytes requires both mechanical and enzymatic digestion, whereas spleen cells are mechanically disaggregated. To determine the effect of enzymes on immune cell marker expression, naive splenocytes were treated with the same enzyme mixture used to digest tumors. Splenocytes treated with digestion enzymes showed similar expression of most markers and little impact was observed on the localization of most viSNE-defined populations (Fig. 4) . The notable exception is CD44, whose expression is significantly reduced by enzymatic digestion (Fig. 4C) . Differences in CD44 expression by PMN (brown), NK cells (orange), and B cells (green) led to the identification of distinct populations in the viSNE map (Fig. 4B) . Similar to what was observed in Fig. 1C, PMN show the greatest separation in high-dimensional space after enzymatic digestion (Fig. 4B) . These findings lead us to conclude that the apparent differences between splenic and tumor PMN/gMDSCs are likely due to the loss of CD44 upon the enzymatic digestion of tumors.
viSNE identifies rare cell populations
One benefit of viSNE is that it has been validated to identify rare populations representing as little as 0.25% of total events (4). In Fig. 1D , a small subset of population 6 can be seen to express CD8. Because population 6 was identified as DCs (Fig. 2) 
2 DCs (41) and endocytose dying cells (42) . To focus the viSNE analysis on cells only expressing CD8, a separate analysis was run (Fig. 5A) . As expected, a majority of CD8 + cells were TCRb + (Fig. 5B ) and a majority of tumor-associated CD8 + T cells reproducibly expressed high levels of PD-1 (Fig. 5D ). One population in the viSNE plot was TCRb 2 CD11c + (Fig. 5B ). CD11c + CD8 + DCs can be found in the spleen, dLN, and tumors, with the highest relative frequency in tumors (Fig. 5C ). Further characterization of CD8 + DCs revealed elevated expression of MHC II and CD86 relative to CD8 + T cells (Fig. 5D) (39) .
Discussion
In the current study, we describe the use of viSNE with fluorescence-based flow cytometry for high-dimensional analysis of immune cell populations in primary tumors and peripheral tissues of tumor-bearing mice. High-dimensional analysis of live cells combined with traditional analysis of biaxial-gated immune cell populations revealed the presence of the major expected immune cell populations. Gating on cell populations identified by viSNE allowed for resolution of subpopulations that differ in their expression of multiple activation markers. Additionally, applying viSNE analysis to subsets of immune cells did not impede its ability to define rare populations or to distinguish between populations that share similar surface markers. viSNE identified variable frequencies of immune cell populations in a tissue-dependent manner, similar to what has previously been reported using traditional biaxial gating strategies. The spleen and dLN were primarily composed of adaptive immune cells (T cells and B cells) with few innate immune cells (macrophages, DCs, NK cells, and PMN) whereas leukocytes found in the tumor microenvironment consisted primarily of innate immune cells. viSNE revealed expected differences in the expression of MHC II, CD86, and PD-1 by immune cells. Ag presenting cells such as B cells, macrophages, and DCs are the primary cells that express MHC II and CD86. CD8 T cells isolated from tumors expressed high levels of PD-1 and accounted for a spatially distinct population in the viSNE map. Therefore, viSNE identified expected immune cell populations and readily revealed tissue-dependent differences in activation and exhaustion marker expression.
A unique feature of viSNE is its ability to reproducibly identify immune cell populations in the absence of selective markers (4) . Even in the absence of a B cell-specific marker in the flow panel, viSNE was able to identify B cells in the spleen and dLN that were TCRb ), similar populations were consistently generated. These findings indicate that viSNE is useful for evaluating flow cytometry data generated using different tumor models and different pregating strategies.
viSNE distinguished between spleen and tumor Ly6C + Ly6G + cells based on differential expression of CD11b and CD44. These findings suggested that cells derived from tumors are more activated. This is consistent with reports of CD44 shedding (38) and CD11b upregulation (40) on neutrophils in response to stimulation. However, differences in CD44 expression by granulocytes located in the tumor were ascribed to the effects of enzymes used for tumor dispersal and not necessarily to the inflammatory tumor microenvironment. viSNE was developed for the analysis of high-dimensional cytometry and has been useful for the analysis of mass cytometry data generated by cytometry by time-of-flight. However, as fluorescence-based flow cytometry has evolved to enable the simultaneous analysis of 18+ colors, high-dimensional analysis tools can also be beneficial for the analysis of traditional flow cytometry. The advantage of high-dimensional analysis is that it is unbiased and takes into consideration all markers to identify cell subsets that may be missed by the use of biaxial gating. Cancer is an example of a disease in which there may be subtle differences in multiple cell populations due to various cues in the tumor microenvironment. Because viSNE uses all parameters to generate an easy-to-visualize three-dimensional plot, the current study suggests that viSNE will prove to be useful for the analysis of tumor immunity.
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Supplemental Figure 1 Supplemental Figure 1 -Individual viSNE FCS files concatenanted into a single FCS file. viSNE analysis of immune cells in MB49 tumors, spleens, and draining lymph nodes were stained with 16 markers and measured by flow cytometry. viSNE analysis was run on 6,000 live CD45+ single cells per sample using all surface markers. viSNE maps show individual cells from the spleen, draining lymph node or tumor separated into spatially resolved populations. Using the FCS file concatenation tool, individual FCS files were combined into a single FCS file (blue borders). Green arrows indicate a tumor sample with cell population 3 as depicted in Figure 1B . Spleens and tumors = 54,000 events in the concatenated file, dLN = 42,000 events in the concatenated file. Supplemental Figure 4 Supplemental Figure 4 -Ly6C+Ly6G+ granulocytes isolated from naïve splenocytes express CD44. viSNE analysis of murine immune cells in MB49 tumors and spleens from naïve and tumor bearing mice. Cells were stained with 6 markers (Table  II) 
